Introduction
The identification of tumor antigens has contributed to the development of cancer vaccines and to a better understanding of the immune response to cancer cells (1) . Tumor antigens can be either tumor-specific, found in tumor-tissue only, or tumor-associated, present in normal tissue but highly overexpressed in tumors (2) (3) (4) (5) (6) (7) (8) . Tumor antigens are regularly processed and presented on the cell surface by human leukocyte antigen (HLA) class I molecules. The emerging HLApeptide complexes are under a permanent surveillance of the immune system (9) . While CD4 + T helper cells are restricted to major histocompatibility complex (MHC) class II molecules, cytotoxic CD8 + T cells recognize peptides presented by HLA class I molecules (10) . Most of the studies have been focused on cytotoxic T-lymphocytes (CTLs) and the presentation of tumor peptides by MHC class I molecules. In turn, few studies have addressed the contribution of anti-tumor-specific CD4 + T cells in cancer.
During the last decades several tumor antigen epitopes have been identified, including p53, RAS or carcinoembryonic antigen (CEA) (11) . Most of them are recognized by CD8 + T cells (12) . The fact that approximately 50% of all human malignancies exhibit mutation and aberrant expression of p53, makes this tumor suppressor gene an attractive target for cancer immunotherapy. This review focuses on the most recently elucidated mechanisms involved in the initiation and modulation of T cell-mediated immunity and the processing and presentation of antigens. The impact of this valuable information on studies directed to understand tumor immunity and the feasibility of p53 specific immunotherapy in human malignancies will be discussed.
p53 protein as a 'guardian of the genome'
Wild-type p53 protein acts as a regulator of the cell cycle (13) . In response to DNA damage, p53 accumulates in cell nuclei causing cell arrest at the G1 phase. Thus, p53 represents a 'guardian of the genome' as it prohibits the occurrence of genetic aberrations preventing the expansion of abnormal, tumorigenic cells (14, 15) . In cancer cells, p53 function is impaired by either gene mutation or binding of viral or cellular oncogene-derived proteins. Following p53 modification, genetic alterations rapidly accumulate, a phenomenon leading to malignant transformation and tumor formation. The frequency of p53 gene mutations is elevated in colon, stomach, breast, and lung cancer, as well as in leukemia, osteosarcoma, ovarian cancer, and brain tumors (16) . Altogether, p53 gene alterations are present in about 50% of all cancer patients, which makes it a very attractive target for new combined oncologic and immunologic therapeutic approaches.
Regulation of the immune response: the role of type 1 versus type 2 T cell responses
The immune system is designed to ensure immune destruction of foreign components (bacteria, fungus, viruses, etc.) while avoiding immune reactions directed towards autologous components. CD4 + T cell-mediated immune responses can be divided into two main categories: i) the type 1 T cell response mediated by CD4 + T helper cells type 1 (Th1) which secrete IL-2 and IFN-Á following antigen stimulation, and ii) the type 2 T cell response mediated by CD4 + T helper cells type 2 (Th2) which secrete IL-4, IL-5 and IL-10 (17,18). Type 1 and 2 T cells differ in their specificity to peptide determinants, in their susceptibility to antigen stimulation, and in their dependency on costimulatory signals delivered by antigen presenting cells (APCs) (19) . Several studies have shown that these two subsets of T cell responses mediate not only different immune functions but that type 1 and 2 T cell responses act antagonistically. Thus, factors which promote type 1 T cell responses also prevent type 2 responses while factors driving the T cell response to a type 2 phenotype inhibit type 1 T cell responses. This phenomenon of bipolarity plays a critical role in regulating immune responses in vivo. It has been shown that inflammatory Th1 responses are mainly involved in maintaining immune protection by rejecting foreign components such as microbes or transplanted tissues. In contrast, Th2 responses are implicated in immune tolerance towards self-components (20) .
The immunogenicity of p53 protein
In normal cells, p53 protein is present at extremely low levels and exclusively in the nucleus. This is largely due to the fact that newly synthesized wild-type p53 is highly sensitive to ubiquitin/proteasome-mediated degradation via the MDM2 pathway (21) . Despite the fact that the p53 antigen is expressed in the developing thymus and can mediate negative selection of anti-p53 reactive CD8 + T cells, the complete deletion of CD8 + T cells specific for self-p53 protein is not achieved (22, 23 + T cell responses to wild-type and mutant p53 in healthy and tumor-bearing mice. They demonstrated that anti-p53 T cells specific to certain wild-type p53 determinants were present in the periphery of the adult immune system and could be specifically activated after p53 peptide immunization. These mice mounted potent CD4 + T cell responses to p53 and this response was mediated by T cells recognizing the mutated portion of p53 and by T cells directed to formerly cryptic self-p53 determinants. Furthermore, they observed that the anti-p53 Th response was directed towards distinct p53 peptides depending upon the stage of tumorigenesis (26) . Thus, although wild-type p53 in normal cells is ignored by the immune system, the presence of the new determinants derived from the processing of mutant p53 cancer-associated protein may result in T cell-mediated immune responses and presumably in tumor elimination. This scenario may include p53 epitopes derived from mutated and non-mutated parts of the protein that could be used for anti-tumor vaccination protocols. The so-called 'cryptic regions' of the wild-type protein that are usually not presented in the thymus may elicit a specific anti-tumor response and may be also suitable to generate a specific T cell-mediated immune response.
p53 -a suitable target for immunotherapy approaches?
Several in vivo studies have outlined the humoral and cellular immune responses to p53 in cancer patients as well as in mouse models (27, 28) . Schlichtholz et al have demonstrated the presence of circulating antibodies against p53 protein in patients with breast carcinoma (29) . These antibodies were predominantly associated with p53 gene missense mutations and p53 accumulation in the tumor. However, they were detected in only 30% of patients with malignancies. Detection of circulating anti-p53 antibodies has been associated with high-grade tumors and poor survival in breast, colon, and gastric cancer patients (30) . There is accumulating evidence that these circulating antibodies could have promising potential in the early detection of cancer. However, in our recent studies of p53 auto-antibodies in sera of colorectal cancer patients using ELISA, only 26% of all tested patients expressed wildtype p53 specific-IgG-antibodies (11 out of 42) while no correlation was found between the UICC state, tumor differentiation, and p53 auto-antibody (Bueter et al, Proc ASCO 24: abs. 859, 2005). In fact, the existence of p53 autoantibodies showed no significant correlation with the size (T1-4) and grade (G1-3) of the primary tumor. The mechanisms that lead to the synthesis of anti-p53 auto-antibodies and the immunological relevance of such a response in vivo are still unknown. Much more is known about T cell-mediated responses to p53. Recently, different groups have shown that CD4 + and CD8 + T cell responses against p53 protein could be elicited in vivo following immunization in mice (26, 31) as well as in cancer patients. They demonstrated the presence of circulating p53 tumor-specific CD8 + T cells in patients with melanoma. However, these cytotoxic T-lymphocytes (CTLs) were unable to eliminate the tumor within these patients (32, 33) .
Several vaccination studies have been undertaken using p53 peptides, either derived from the wild-type protein or in an engineered and modified form, in order to improve the HLA binding and subsequently to achieve a better epitope recognition by CTLs. In HLA-A2.1/K b transgenic mice CD8 + T cells specific for the murine p53 261-269 epitope expressed only TCRs with low affinity (33) . This scenario, in which only a weak response comprised of relatively low-affinity CD8 + T cells is available to respond against a tumor antigen, probably represents a common anti-tumor immune response for many tumor-associated epitopes. The authors tried to overcome this phenomenon by administration of anti-CTLA-4 monoclonal antibody. Although an increase of CTLs specific for the used p53 261-269 peptide was achieved, anti-CTLA-4 treatment did not enhance the avidity of this population and, therefore, the functional state of tolerance could not be reversed. This study demonstrates that tolerance to p53 self-protein in fact is not complete and can be overcome in vivo. However, anti-selfp53 responses seem to be too weak and not specific enough to efficiently eradicate p53 positive tumor cells indicating that not only a poor co-stimulation but also other mechanisms must be involved in this process resulting in the low affinity of CTLs. These effects counteract an efficient immune response against p53 and may lead rather to tolerance than rejection of the tumor. Alternative mechanisms resulting in this phenomenon could be the following: i) a very small amount of antigen available for presentation during tumor development may be insufficient to induce an anti-tumor immune response, as in cases with low doses of pathogens; ii) the individual peptides derived from the same protein may compete so that the final effect in vivo may be determined by the balance of the amounts of all presented peptides instead of just one single peptide. However, the data highlight the potential role of CD4 + T helper cells either in inducing and maintaining or blocking and inhibiting anti-tumor immune responses. The fundamental questions that need to be addressed are: i) what are the determinants generated following the processing of p53 protein for presentation to T cells and ii) which determinants are decisive, upon presentation to T helper cells, for the resulting immune response (tolerance or rejection).
Immunogenicity and tolerogenicity of tumor antigens: role of dominant and cryptic self-determinants
Classically, lymphocyte tolerance mechanisms have been divided into two broad categories. Central tolerance (34, 35) concerns immature T or B cells as they differentiate in the primary lymphoid organs, the thymus or bone marrow. Relevant antigens, then, would be those synthesized by nurturing stromal cells, circulating hematopoietic cells, or, ubiquitously, by all cells. The major mechanisms that come into play during central tolerance appear to be clonal deletion or inactivation of self-reactive lymphocytes, the former in particular. Peripheral tolerance (36) , on the other hand, relates to mature T or B cells after they have exited the primary lymphoid organs and are circulating through the blood, lymph, and secondary lymphoid organs or have accessed the parenchymal tissues in response to some stimulus. Antigens of concern would primarily be those expressed in the tissues and not in the thymus or bone marrow. Clonal deletion and anergy are tolerance mechanisms also employed in the periphery, but a variety of other means are also exploited, including clonal ignorance, deviation, helplessness, and suppression.
The relative significance of central versus peripheral tolerance has been debated for decades, with sequential waves of enthusiasm supporting either one or the other. Certainly, central mechanisms are important -for example, a variety of approaches have estimated that one-half to two-thirds of thymocytes that are positively selected subsequently undergo negative selection (37) (38) (39) . However, central tolerance appears not to be reliable as all individuals harbor lymphocytes in the blood that can respond to self-antigens (40, 41) . Therefore, peripheral mechanisms must be important as well. Indeed, over the past several years peripheral tolerance -in particular, the activities of regulatory T cells (42) -have held the limelight.
Self-tolerance and tumor-induced peripheral tolerance may be responsible for the limitations of the immune system in controlling tumor growth in cancer patients. Therefore, we can hypothesize that some tumor-reactive T cells may indeed be inactivated or eliminated during the process of the development of self-tolerance.
It is known, however, that self-proteins are continuously processed and presented by APCs. During development, autoreactive T cells encountering self peptide/self-MHC complexes are being eliminated in the thymus. This process called 'negative selection' results in the removal of nascent autoreactive T cells thus preventing an autoimmune attack of self tissues (43, 44) . Many self-peptides (e.g. parts of p53), despite their high affinity for self-MHC, remain cryptic in the thymus and do not mediate cell deletion. Multiple factors have been implicated in crypticity: slow or incomplete availability of the determinant during unfolding of the protein molecules (indolent processing), an enzymatic destruction of the determinant (excessive processing) or the dominance of a flanking determinant that competes effectively for binding to the same MHC molecule (45) . The total remaining after negative selection of self-reactive T cell repertoire directed against a single antigen will be a heterogeneous assemblage of T cells. This assemblage, for instance, can include high affinity T cells directed against determinants that were not presented during tolerance induction. This occurs through the competitive binding by neighboring determinants, when T cells directed against well-presented (dominant) as well as poorly-presented (cryptic) determinants have lower affinity, and when high affinity T cells are directed against poorly-presented determinants that are only presented during inflammation.
Under conditions that favor up-regulation of cryptic selfdeterminants, one or more of these subsets of the 'protected' T cell repertoires can be stimulated by these self-determinants, leading to induction of autoreactivity. The latter could eventually result in autoimmunity under permissive conditions governed by MHC and non-MHC genes (46) . Thus, considering tumor tissue a 'modified self-tissue', this process that may have evolved to prevent excessive purge of the T cell repertoire provides the potential for the development of autoimmune responses and therefore for anti-cancer therapy in adults (46) .
Self-determinants are comprised of two different types: i) the dominant self-determinants, which are efficiently processed and presented and have an impact on the T cell repertoire by inducing thymic deletion of the auto-reactive cells; ii) the cryptic self-determinants, which are not presented in the thymus efficiently enough to ensure T cell tolerance during development (despite their high binding affinity for self-MHC), presumably due to incomplete processing. It has been shown that processes which result in the presentation of cryptic selfdeterminants lead to activation of those 'dormant' auto-reactive T cells that escaped thymic deletion (47) .
We conclude that T cells specific for dominant selfdeterminants are deleted or inactivated owing to their continuous exposure to the self-antigens at the surface of APCs. In contrast, T cells specific for cryptic-self-determinants escape thymic deletion. They remain present in the periphery in a naïve stage capable of being activated if the cryptic determinant is rendered available at high doses on the surface of APCs.
Dominant and cryptic determinants of the p53 protein
The question which dominant and cryptic determinants of p53 protein induce tolerance to the tumor tissue instead of its rejection has not been adequately studied up to date. To address this issue, we have mapped p53 determinants which were presented in vitro as a series of overlapping p53 peptides to T cells of colorectal cancer patients. We measured the frequency of T cells activated by p53 peptides using the enzyme-linked immunospot (ELISPOT) assay. Surprisingly, both p53 determinants that activated Th2-helper cells to produce IL-10 and those that induced Th1-helper cells to secrete IFN-Á were found. These determinants were located at either the N-or C-terminal end but not in the central DNA binding domain where all hotspots for point mutations of the protein are located. The tumor stage (UICC) was important for IL-10 production in response to the p53 peptide sequence AA . In patients with UICC stage I and II more Th2 specific lymphocytes were seen producing higher IL-10 levels in response to the peptide sequence AA 1-50 than in those with stage III and IV. A decreased IL-10 expression was observed in the presence of the peptide pool AA 291-330 in peripheral blood lymphocytes from patients in UICC stage III. In contrast, p53 peptide sequence AA 331-370 caused an IFN-Á expression but no correlation was found between the UICC stage and the Th1 immune response (IFN-Á) . The level of IL-10 production seems to overweigh the IFN-Á production, suggesting that more tolerance inducing determinants may exist within the p53 protein than those promoting rejection of p53 accumulating tumors. It also suggests that tumor-specific epitopes of tumorassociated antigens may directly influence the outcome of immunological tumor surveillance.
There is increasing evidence that during cancer development p53 becomes immunogenic. However, the precise nature of the immune response to p53 as well as its effects on tumor growth remains unknown. Although in some studies a complete tumor regression has been reported (48, 49) , there is no satisfactory correlation between these results and clinical outcome (50) . Analysis of the antigen specificity of tumorreactive T cells derived from cancer patients or T cells with in vitro reactivity against tumor-derived peptides or proteins has led to the identification of an array of potential targets for the immunotherapy of human cancers. These include protein products of genes with mutations or rearrangements unique to tumor cells, tissue-specific (but not tumor-specific) differentiation antigens, and a number of other self proteins (51) . However, despite the identification of these targets, the development of effective therapeutic vaccines for cancer has been significantly limited by the lack of a means for successful vaccination against these weak, generally self-derived antigens. The failure of an anti-tumor vaccination could be explained as followed: first, the loss of antigen from the tumor, which leads to so-called tumor escape variants and second, the loss or down-regulation of specific molecules in the antigen processing pathway (52) . In addition, immune responses can fail even in the presence of MHC and specific T cells, indicating that tumors can use other mechanisms to exert a certain form of immunosuppression (53) (54) (55) . Our own results suggest that there could be an escape mechanism mediated by the overexpression of p53 protein. A p53 mutation leads to cytoplasmic accumulation of the protein which is then either processed by the proteosomal machinery or released into the blood-or lymphatic stream by necrotic parts of the tumor (Fig. 1) . In the first case, the generated peptides are presented in an MHC class I context on the surface of a tumor cell, which may induce the p53 specific immune response accomplished by CD8 + cytotoxic lymphocytes. In the second case, the released p53 determinants could be captured by professional APCs such as macrophages, B-lymphocytes or dendritic cells (DCs). These cells present the appropriate epitopes in an MHC class II context to CD4 + T helper cells. Keeping in mind that p53 has more determinants that can induce a type 2 rather than a type 1 immune response, tumors with mutations within the p53 gene must be associated with a poor prognosis. They simply might be more tolerated than tumors without a p53 gene mutation. Furthermore, it has been shown that IL-10 secreted by a range of human tumors not only can suppress the type 1 immune response but also inhibit the in vitro functional maturation of DCs. IL-10-treated DCs, instead of being immunostimulatory, can actually present antigen in a tolerogenic manner (51) . The induction of the type 2 immune response by p53 determinants associated with IL-10 production, as described above, could deliver a rational explanation for the late appearance of p53 mutations in the tumor development. This may favor tumor growth as compared to tumors without p53 mutations. Assuming that the type 2 response (tolerance) overweighs the type 1 response (rejection), the anti-p53 specific immune attack against tumors with intracellular p53 accumulation must be inducible under certain conditions, for instance by blocking the overweighing influence of the type 2 branch. This could shift the balance from tolerance to rejection and may provide an advantage in immune surveillance by exerting suppression on possible effector cells.
Conclusions
Studies suggest that one of the tumor escape mechanisms may be mediated by p53 and that the normal tolerance to p53 self-protein is not absolute and can be overcome in vivo. The questions of which p53 determinants of tumor origin are presented to T cells and which determinants are decisive, upon such presentation, for the resulting immune response, need to be addressed. It is demonstrated that within the p53 protein there are more tolerance-inducing determinants than those promoting rejection of p53 accumulating tumors and that the tumor-specific epitopes of the tumor-associated antigens may directly influence the outcome of immunological tumor surveillance. There are sufficient data to support the notion that cancer vaccines can induce anti-tumor immune responses in humans with cancer. How best to translate this increase in immune responsiveness to consistent and reproducible objective cancer regression or increased survival remains unclear at this time. Despite monumental advances 
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in the understanding of molecular and cellular immunology, researchers have thus far been unable to translate this into clearly defined and measurable clinical benefits.
